Abstract Febrile temperatures can induce stress responses which protect cells from damage and can reduce inflammation during infections and sepsis. However, the mechanisms behind the protective functions of heat in response to the bacterial endotoxin LPS are unclear. We have recently shown that Annexin-1 (ANXA1)-deficient macrophages exhibited higher TNFα levels after LPS stimulation. Moreover, we have previously reported that ANXA1 can function as a stress protein.
Introduction
The heat stress response is one of the body's most important cellular defense mechanisms and is important for cellular function (Rattan et al. 2004) . Heat is a form of stress which activates the heat stress response (Gabai et al. 1997 ) and involves the signaling of heat shock factors which translocate to the nucleus and bind to heat shock elements to induce the transcription and translation of heat shock proteins (HSP) (Morimoto 1998; Rattan et al. 2004) . The main role of the heat stress response is to protect the cell during stressful conditions by promoting its cell survival. As a means of promoting cell survival, the heat stress response and HSPs are also known to play a role in inflammatory signaling by regulating the production of inflammatory cytokines (Asea et al. 2002; Shi et al. 2006) .
HSPs act as molecular chaperones, enabling cells to cope with stress, misfolded proteins and their aggregation and to reduce cell damage (Cooper et al. 2010) . Febrile temperatures can induce HSP70 expression and release by regulating signal transduction pathways, such as the mitogen-activated protein kinase (MAPK) (Gupta et al. 2013) , extracellular regulated kinase 1/2 (ERK 1/2), p38, and c-Jun amino (N)-terminal kinases 1/2 (JNK 1/2) (Cargnello and Roux 2011) .
We and others have demonstrated that the immunomodulatory protein Annexin-1 (ANXA1) may function as a stress protein (Nair et al. 2010; Rhee et al. 2000) . ANXA1 belongs to the annexin superfamily of calcium and phospholipidbinding proteins and has been implicated in a myriad of functions, such as proliferation, apoptosis, and cell migration (Lim and Pervaiz 2007; Raynal and Pollard 1994) . ANXA1 was demonstrated to have chaperone-like functions (Kim et al. 1997) , and ANXA1 mRNA and protein levels are increased in response to stress (Nair et al. 2010; Rhee et al. 2000) . ANXA1 was shown to protect cells against stress by preventing heat-induced growth arrest and DNA damage and translocates to the nucleus after heat (Nair et al. 2010) . However, the role of ANXA1 in the regulation of the inflammatory stress response has not been studied.
Therefore, in this study, we determined the effect of heat stress on the inflammatory response of macrophages after LPS treatment and investigated the mechanisms involved in the inhibition of cytokine production by heat. We discovered that ANXA1 is involved in the regulation of the inflammatory response upon induction with heat in response to LPS, related to the modulation of JNK and HSP70.
Materials and methods
Bone marrow-derived macrophages and L929 cell conditioned media Bone marrow-derived macrophages (BMMO) were isolated from the femurs and tibia of 8-10-week-old Balb/c wildtype (WT) and ANXA1 −/− mice. All animal work was approved by the NUS Institutional Animal Care and Use Committee (IACUC) and in accordance with the National Advisory Committee for Laboratory Animal Research (NACLAR) guidelines. The bone marrow cells were flushed out from the bones and were then allowed to mature into macrophages by incubating them over a period of 7 days in DMEM media supplemented with L929 conditioned media, 10 % fetal bovine serum (FBS), and 1 % penicillin/streptomycin (P/S). The media was topped up at day 3 after the cells were seeded. Mouse fibroblast cell line L929 was cultured to obtain L929 conditioned medium for the growth of primary bone marrowderived macrophages. Cells were grown in RPMI media supplemented with 10 % FBS and 1 % P/S. Cells were grown to 90 % confluence and then expanded over three passages. In some experiments, media was removed from the cells and filtered using a 0.2-μm filter (Thermo Scientific).
Heat stress
Heat stress was carried out at 42°C, and control cells were incubated at 37°C. Cells seeded in plates or dishes were sealed with parafilm and placed in a water bath set to 37 or 42°C. Heat stress was carried out for 1 h, after which the cell culture dishes were taken out of the bath followed by treatment with LPS or returned to the incubator to be harvested at different time points.
Drugs and inhibitors 100 ng/ml LPS (Sigma Aldrich), 1 μM CPG 1826 ODN (Invivogen, CA, USA), and 10 μg/ml Poly (I:C) (Invivogen, CA, USA) were used as stimuli. U0126 (Selleck Chemicals, China), SP600125 (Selleck Chemicals, China), SB203580 (Cell Signaling, MA, USA), and VER155008 (Tocris Bioscience, UK) were added to cells 1 h prior to heat treatment.
Enzyme-linked immunosorbent assay (ELISA)
ELISA was performed for cell supernatants harvested from the cells 24 h post treatment. Ready Set Go! ® ELISA kits (eBioscience) for mouse TNFα and ELISA MaxTM Deluxe Kits (Biolegend) for mouse IL-6 and mouse IL-12 (p40) were used. The assay was carried out according to the manufacturer's protocol. The absorbance was measured using PerkinElmer Victor3 V Multilabel counter Model 1420 (MA, USA).
Quantitative real-time PCR RNA extraction was performed using Omics Maestrozol™ RNA plus extraction reagent (Omics Biotechnology). RNA quality and quantity were determined using the nanodrop spectrophotometer (Biofrontier Technology). The RNA was first converted into complementary DNA (cDNA) in a twostep reaction, first, incubating 1 μg of RNA, Oligo (dT), and nuclease-free water at 65°C for 5 min. Next, 10 μl of cDNA was added to a reaction mixture containing 5X M-MLV RT buffer, 10 mM dNTPs, and 40 U/μl RNAsin RNAse inhibitor, M-MLV Reverse Transcriptase (Promega), and nuclease-free water. cDNA was used to set up a quantitative real-time PCR (qPCR) reaction using the GoTaq® qPCR Master Mix (Promega) kit. The following primer sequences were used, Mouse HSP70.1 forward primer 5′ GAG ATC GAC TCT CTG TTC GAG G-3′, mouse HSP70 reverse primer 5′ GCC CGT TGA AGA AGT CCT G-3′ (Hunt and Calderwood 1990) , mouse GAPDH forward primer 5′ AAC TTT GGC ATT GTG GAA GG-3′, and mouse GAPDH reverse primer 5′ ACA CAT TGG GGG TAG GAA CA-3′. GAPDH was used as the endogenous control for the mRNA markers evaluated in this study. qPCR data was analyzed based on the ΔΔCT approximation method (Livak and Schmittgen 2001) . qPCR data was re-interpreted as fold change relative to untreated control samples.
mRNA stability assay WT and ANXA1 −/− BMMOs were treated with control or heat, as described above, followed by treatment with 100 ng/ml LPS for 0 min, 30 min, and 1 h. Actinomycin D was added to the cells to inhibit transcription, and the RNA was then isolated 0, 30 min, and 1 h after addition of actinomycin D. RNA was extracted and cDNA was harvested as described above and subject to qPCR. The relative quantity (RQ) values obtained from the qPCR analysis were expressed as fold change relative to mRNA levels at time zero. Log of the RQ values were plotted against time in minutes with an exponential trendline. Half-life was calculated by dividing the decay constant (ln2) by the exponent obtained from the equation of the graph.
Western blot
BMMOs were harvested at various time points after treatment with heat stress. Cells were washed with 1X PBS before protein lysis. The lysed proteins were stored at −80°C till further use. Protein concentration was determined using 1X Bradford's assay reagent (BioRad) and BSA protein standards (Thermo Scientific), and the absorbance was measured at a wavelength of 595 nm. Equal amounts of proteins were subjected to 12 % SDS-PAGE electrophoresis and transferred to nitrocellulose membranes using a wet transfer apparatus (BioRad). Protein expression was determined by Western blotting with specific antibodies. Expression signals were obtained by using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) or the WesternBright ECL HRP substrate (Advansta). Membranes were exposed to CLXposure (Thermo Scientific) films in an autoradiography cassette (Amersham Hypercassette) for various durations until optimal visualization of the bands was possible using the Xray developer from Konica Minolta SRX-101A tabletop processor.
Statistical analysis
Data are represented as mean ± SEM. Individual groups were analyzed using the two-tailed student's t test. F test was carried out to determine the equality of variance before selecting the appropriate t test for analysis. P value<0.05 was considered to be statistically significant.
Results

ANXA1 promotes the inhibition of TNFα production after heat and LPS
Previous studies have shown that heat pretreatment can inhibit cytokine production (Shi et al. 2006) . To confirm this finding, BMMOs obtained from BALB/c mice were incubated at 37 or 42°C for 1 h, after which cells were stimulated with 100 ng/ml LPS and the levels of TNFα, IL-6, and IL-12 were measured. As shown in Fig. 1a -c, all the cytokines were significantly inhibited by pretreatment with heat.
We have recently reported that ANXA1 regulates TLR3-and TLR4-dependent cytokine production in macrophages (Bist et al. 2013) . Therefore, to determine if ANXA1 could also be involved in heat-induced inhibition of cytokine levels after LPS, cytokine levels were measured in WT and ANXA1
−/− BMMOs incubated at control temperatures or heat prior to LPS stimulation. In the absence of ANXA1, IL-12 was lower, while TNFα and IL-6 production was similar to WT macrophages stimulated with LPS ( Fig. 1a-c) . Interestingly, while WT macrophages stimulated with heat and LPS (H + L) exhibited lower TNFα production compared to LPS stimulation alone (Fig. 1a) , this was not observed with ANXA1--/-macrophages stimulated with H + L (Fig. 2a) . However, this observation was only seen with TNFα, as IL-6 and IL-12 production was reduced in both WT and ANXA1 −/− macrophages treated with stimulated with H + L (Fig. 2b, c) . Thus, although TNFα, IL-6, and IL-12 are regulated by heat stress, only TNFα production is regulated by ANXA1.
ANXA1 regulates TLR9-induced TNFα and TLR3-induced IP10 production Next, to assess if ANXA1 could regulate cytokine production induced by heat and other TLR agonists, cells were treated with CPG (ODN-1826), a TLR9 agonist for 24 h. In a similar manner to LPS, WT cells which were treated with heat prior to CPG produced significantly less TNFα, IL-6, and IL-12 when compared to cells treated with CPG alone (Fig. 1d-f ). In the absence of ANXA1, a partial rescue of the inhibition of TNFα was observed when cells were stimulated with heat and CPG, and no difference was observed between WT and ANXA1
−/− cells with IL-6 and IL-12 production. LPS activates toll-like receptor 4 (TLR4), which stimulates both the MyD88 and TRIF pathways (Hoebe et al. 2003; Toshchakov et al. 2002) , while the CPG activates TLR9, which only stimulates the MyD88-dependent pathway (Takeda and Akira 2004) . As only a partial rescue was observed with CPG in ANXA1 −/− macrophages, it is possible that the TRIF pathway could also be involved. Therefore, a TRIF-specific chemokine, IP10, was measured after heat and TLR3 stimulation with poly(I:C), which activates the TRIF pathway specifically. Figure 1g shows that IP10 production was also inhibited after heat and poly(I:C) treatment, indicating that TRIF pathway was also involved in the heat stress response. Furthermore, the absence of ANXA1 partially reverses the inhibition of IP10 production induced by heat and poly(I:C) treatment, suggesting that ANXA1 can regulate both the TRIF-dependent and the MYD88-dependent pathways.
TRIF is involved in heat-induced inhibition of cytokine production
To confirm this observation, BMMOs from C57/BL/6, MyD88 −/− , and TRIF inactive mutant (TRIF IM) mice were pretreated with control temperatures or 42°C in the same way as above. Treatment of MyD88
BMMOs with LPS alone did not inhibit TNFα production, yet a significant inhibition was observed in TRIF IM cells, suggesting that TRIF is involved in LPSinduced TNFα production (Fig. 2a) . Upon heat pretreatment, a complete inhibition of TNFα production was observed in both heat-treated MyD88 −/− and TRIF IM cells. As CPG is a MYD88-specific stimulator, CPG treatment resulted in lower TNFα production in MyD88 −/− compared to WT but not in the TRIF IM cells (Fig. 2b) . Once again, heat pretreatment resulted in a further reduction in TNFα production in MyD88 −/ − but not TRIF IM BMMOs. As poly(I:C) is a TRIFspecific stimulator, no inhibition of TNFα production was observed in MyD88 −/− BMMOs treated with poly(I:C), but a significant inhibition was observed in TRIF IM cells upon poly(I:C) treatment (Fig. 2c) . Moreover, no further inhibition of TNFα production was observed in heat-treated poly(I:C) macrophages. These data suggest that TRIF is involved in the heat-induced inhibition of TNFα.
Cellular ANXA1 is responsible for the regulation of TNFα during heat stress Previous reports have demonstrated that ANXA1 can also be secreted after cells are stimulated (Castro-Caldas et al. 2002) . To determine if the regulation of TNFα production after H + L stimulation was due to exogenous ANXA1 or other factors regulated by ANXA1 which could be secreted into the media, supernatants were collected from WT BMMOs treated at 37 or 42°C for 1 h. These conditioned supernatants were then used to treat WT and ANXA1 −/− BMMOs, together with LPS for 24 h, and supernatants were collected for ELISA (Fig. 3a) . Figure 3b shows that both WT and ANXA1 −/− macrophages treated with WT control or heat supernatant produced similar levels of TNFα with no inhibition after heat suggesting that the effect of heat and ANXA1 on cytokine production is cellular. To confirm this, WT and ANXA1 −/− macrophages were incubated at 37 or 42°C for 1 h, after which media was removed and replaced with fresh media and cells were subsequently stimulated with 100 ng/ml LPS (Fig. 3c) . LPS (100 ng/ml) or (d, e, f) CPG ODN1826 (1 μM) or (g) Poly(I:C) (10 μg/ml) for 24 h, and the indicated cytokines were measured using ELISA. **p<0.01 vs LPS 37°C control. Once again, WT macrophages produced less TNFα after heat pretreatment, which was not observed in the ANXA1 −/− cells (Fig. 3d ). These data demonstrate that endogenous ANXA1, and not exogenous or released ANXA1, is responsible for the regulation of TNFα during stress and also shows that no exogenous factors were involved in regulating the cytokine response during heat stress.
ANXA1 regulates TNFα mRNA stability
To investigate if the inhibition of TNFα during stress was due to transcriptional regulation (Meng and Harken 2002; Snyder et al. 1992) , and if ANXA1 could modulate this, TNFα mRNA levels were assessed using realtime PCR. Treatment of cells with heat prior to LPS significantly inhibited TNFα mRNA expression in both WT and ANXA1 −/− macrophages (Fig. 4a) . These results indicate that ANXA1 may not affect TNFα expression at the transcriptional level. This result prompted further investigation into the posttranscriptional regulation of TNFα during heat and LPS treatment using mRNA stability assays with actinomycin D. Interestingly, ANXA1 −/− cells exhibited a shorter TNFα half-life compared to WT cells (Fig. 4b) , while heat alone reduced the TNFα half-life in WT but not ANXA1
−/− cells (Fig. 4c) . Furthermore, treatment of cells with LPS significantly reduced the TNFα half-life in both WT and ANXA1 −/− cells, which was inhibited when cells were pretreated with heat (Fig. 4d) . The consistently higher half-life of LPS-induced TNFα mRNA in both control and heat-treated ANXA1 −/− cells correlate to the higher TNFα cytokine production when compared to the WT cells. Thus, we show here that ANXA1 can regulate the expression of TNFα mRNA transcript stability, thereby playing a role in the differential regulation of TNFα during heat stress.
Role of the MAP kinase pathway in the regulation of TNFα during heat stress JNK is activated by stress stimuli, while ERK 1/2 is activated mainly by growth factors (Kyriakis and Avruch 2001; Kyriakis et al. 1994) . Therefore, we investigated the contributing roles of ERK and JNK in the HSR following heat and LPS stimulation. First, we determine if ERK and JNK are activated following LPS stimulation. Indeed, ERK phosphorylation, and a slight activation of JNK, was induced at 30 min of LPS stimulation. Interestingly, ANXA1 −/− macrophages exhibited higher JNK activation after LPS stimulation (Fig. 5a ). Next, we treated WT and ANXA1 BMMO with heat alone (Fig. 5b , lanes 5-8) and observed that heat induces the phosphorylation of JNK, but not ERK. Once again, higher JNK activation was observed in ANXA1 −/− cells after heat alone (Fig. 5b) . Next, we subjected cells to heat pretreatment and LPS stimulation. Treatment of cells with LPS alone (Fig. 5c , lanes 9-12) once again induced the phosphorylation of ERK, but not JNK. However, upon treatment with LPS after heat, JNK was strongly phosphorylated, which was observed to be higher in ANXA1 −/− macrophages (Fig. 5c, lanes 13-16). MKP-1 is an endogenous inhibitor of the MAPK and is a dual-specificity phosphatase (Camps et al. 2000; English et al. 1999 ). As such, MKP-1 acts to inactivate the main members of the MAPK family such as ERK, P38, and JNK. To determine if MKP1 is involved in ANXA1-mediated TNFα (Fig. 5a, b) .
Thus, ANXA1 may induce MKP1 expression which results in lower levels of phosphorylated JNK in heat-and LPStreated cells, which in turn may inhibit TNFα production. −/− macrophages were incubated at either 37 or 42°C for 1 h prior to stimulation with LPS (100 ng/ml). a TNFα mRNA expression was measured using qPCR after the indicated time points. (b,c,d) TNFα mRNA stability was analyzed after actinomycin treatment. Half-life times were calculated using the equation -ln (2)/decay constant We next determined if HSP70 levels were different in WT and ANXA1 −/− macrophages. Figure 6a shows that HSP70 is strongly expressed in cells treated with heat alone. Interestingly, while HSP70 is expressed in WT heat-treated cells, its expression is low or absent in the ANXA1 −/− cells (Fig. 6a) . Similarly, ANXA1 −/− cells express less HSP70 mRNA as compared to WT cells after heat and LPS (Fig. 6b) . Thus, ANXA1 may mediate the heat stress response through the modulation of HSP70. To prove this, HSP70 expression was inhibited using VER155008, a novel small molecule adenosine inhibitor of HSP/HSC70 (Lee et al. 2005) . Once again, ANXA1
−/− cells expressed less HSP70 after treatment with heat + LPS and HSP70 decreased in a dose-dependent manner after inhibition with VER155008 in WT cells (Fig. 6c) . Interestingly, inhibition of HSP70 with VER155008 in control (37°C) cells increased TNFα production. However, this inhibition was not sufficient to reverse the inhibition of TNFα in heat + LPS cells (Fig. 6d) . Therefore, while HSP70 may be regulated by ANXA1 in the heat stress response, and HSP70 activation may modulate TNFα production, it may not play a role in the protective effects of ANXA1 on TNFα production after heat and LPS. Since HSP70 and JNK are specifically activated by heat stress, and are both differentially expressed in WT and ANXA1
−/− cells, we next examined if HSP70 and JNK regulate each other to inhibit TNFα levels during stress. Furthermore, HSP70 is known to prevent the activation of JNK during heat stress (Gabai et al. 1997) and can inhibit the MAPK by the upregulation of MKP-1 (Lee et al. 2005) . Inhibition of HSP70 with VER155008 resulted in a slight decrease in pJNK levels in WT macrophages, which was not seen in ANXA1
−/− cells, possibly due to the low levels of HSP70 present (Fig. 6c) . More evidently, inhibition of JNK with SP600125 resulted in the complete inhibition of HSP70 in WT macrophages after heat stress (Fig. 6e) , indicating that JNK is upstream of HSP70. This data indicates that JNK could be functioning upstream of HSP70 to mediate TNFα regulation by ANXA1. To confirm this, TNFα production was measured in macrophages pretreated with SP600125 prior to heat and LPS stimulation. Figure 6f illustrates that firstly, JNK inhibition is not able to reverse the inhibition of TNFα in WT cells treated with heat + LPS. Furthermore, treatment of ANXA1 −/− cells with SP600125 results in a complete inhibition of TNFα production. This indicates that active JNK is required for the heat tolerance observed in ANXA1 −/− cells.
Discussion
The stress response is one of the body's most important cellular defense mechanisms (Rattan et al. 2004 ). Heat stress is one of the inducers of the stress response pathway and is used in this study to activate the HSR. As part of promoting the cell survival process, HSR plays a role in inflammation and regulates the production of pro-and anti-inflammatory cytokines. Hence, the cells were treated with LPS to determine the impact of HSR on cytokine production. In the current study, we show that potent pro-inflammatory cytokines TNFα and IL-6 were downregulated upon heat and LPS treatment as compared to LPS treatment. This is similar to other studies on TNFα (Shi et al. 2006) , IL-12 (Li et al. 2001), and IL-6 (Ensor et al. 1994) , but opposite to other reported cytokines such as MIP2 (Garekar et al. 2006 ). This regulation of cytokine production by heat can be related to another protective phenomenon known as endotoxin tolerance (Biswas and Lopez-Collazo 2009) . The two main pathways of the TLR signaling are the MyD88-dependent and MyD88-independent or TRIF-dependent pathways (Akira et al. 2001; Takeda and Akira 2004) . Our results show that both the MyD88-dependent and MyD88-independent pathways could be involved in the heat-induced reduction in cytokine production, as heat was able to reduce the cytokine production induced by CPG, a TLR9 agonist that activates the MyD88-dependent pathway specifically, as well as polyI:C, a TLR3 agonists which activates the MyD88-independent pathway specifically. To further prove this, MyD88
−/− (MKO) and TRIF inactive mutants (TIM) were used. Upon treatment with LPS, TNFα was inhibited to a greater extent in TIM cells as compared to MyD88 −/− and WT cells, clearly indicating the signaling via the TRIF pathway resulted in most of the TNFα produced. Upon heat stress, TNFα levels were downregulated in the WT cells and inhibited in both MyD88 −/− and TIM cells, hence demonstrating that both MyD88 and TRIF signaling are important and necessary for TNFα production after heat + LPS. This is similar to studies on endotoxin tolerance where −/− macrophages were incubated at either 37 or 42°C for 1 h prior to stimulation with LPS (100 ng/ml). Cells were lysed for a Western blotting for HSP70 after 30 and 60 min of LPS or b real-time PCR for HSP70 mRNA after 30 min of LPS. c Cells were pretreated for 1 h with the HSP70 inhibitor VER155008 prior to heat and LPS treatment. Cells were lysed for Western blotting for the indicated proteins after 30 min of LPS, and d TNFα production was measured by ELISA after 24 h. e Cells were pretreated for 1 h with the JNK inhibitor SP600125 (10 μM) prior to heat and LPS treatment. Cells were lysed for Western blotting for the indicated proteins after 30 min of LPS, and d TNFα production was measured by ELISA after 24 h. *p<0.05, **p<0.01 vs respective LPS controls both MyD88 and TRIF (Biswas and Lopez-Collazo 2009) 
Here, we show that the presence of ANXA1 is necessary for the downregulation of TNFα during heat stress. The absence of ANXA1 resulted in less inhibition of TNFα upon heat stress, which is a novel finding. We recently showed that ANXA1 −/− macrophages exhibited a higher production of TNFα (Bist et al. 2013 ), which we also show in this study. ANXA1 has also been related to the stress response in its possible role as a stress protein (Kim et al. 1997; Nair et al. 2010; Rhee et al. 2000) . Its mRNA and protein expression levels were upregulated upon exposure to stress and played a protective in preventing heat-induced growth arrest and DNA damage in stressed cells. While ANXA1 has been reported to translocate to the nuclear or peri-nuclear region upon induction of stress (Nair et al. 2010) , it can also be secreted out of the cell upon activation (Castro-Caldas et al. 2002; Perretti et al. 1996) . However, our current study shows that ANXA1 acts more as an endogenous protein rather than a secreted protein as cells treated with supernatant from heat-treated cells did not exhibit suppressed TNFα levels. These results strongly indicate the absence of exogenous factors including secreted ANXA1 in regulating TNFα. ANXA1 has also been shown to regulate MAPK and thus controls inflammation by playing a negative role in the regulation of the MAPK (Alldridge et al. 1999; Yang et al. 2006) . In the present study, indeed, absence of ANXA1 induces a sustained activation of ERK after heat + LPS stimulation, which may be important for the protection against the heat stress response. Unlike ERK, pJNK was expressed only upon heat stress, and once again, ANXA1 deficiency resulted in a higher expression after heat and LPS. Given its specific response to stress stimuli and in this case, its higher expression in stressed ANXA1
−/− cells, the inhibition of JNK using SP600125 resulted in significant inhibition of TNFα in both heat-stressed WT and ANXA1 −/− cells as compared to the control cells. This indicates that in response to heat and LPS, ANXA1 downregulates JNK activity, which leads to low TNFα production. This could be through the higher expression of MKP1, which is an endogenous dual-specificity phosphatase inhibitor of the MAPK (Chi et al. 2006) . This is in line with other studies showing the involvement of MKP-1 in Fig. 7 Summary of pathways involved. Upon heat treatment and LPS stimulation, a ANXA1 promotes HSP70 expression transcriptionally and translationally. b This leads to increased MKP1 expression, c which in turn inhibits the activation of the MAP kinases JNK, ERK, and p38, d which leads to a reduction in TNFα production. e JNK can also inhibit HSP70 to control its expression. In the absence of ANXA1, f HSP70 expression is reduced, g which leads to lower MKP1 expression, h which in turn increases the activation of the MAP kinases JNK, ERK, and p38. i This results in an increase in TNFα production stress response, with high levels during heat stress response, mediated by HSP70 (Lee et al. 2005 ). MKP1 has also been shown to regulate cytokine mRNA stability, which we also show in this study to be altered (Yu et al. 2011) . Indeed, ANXA1 has been shown to negatively regulate IL-6 expression through the modulation of MKP1 (Yang et al. 2006) , and HSP70 levels were also higher in WT cells expressing ANXA1 in our study, indicating that ANXA1 is required for HSP70 induction after heat. The role of HSP70 in reducing TNFα levels has previously been shown (Shi et al. 2006; van der Bruggen et al. 1999 ) and supports our postulation that in response to heat and LPS, ANXA1 increases HSP70 expression (mRNA and protein), which can increase MKP1 levels, which in turn inhibit ERK, p38, and more likely JNK activation, leading to low TNFα levels (Fig. 7) . Our results also show that HSP70 and JNK regulate each other, which may be affecting TNFα production after heat. Inhibition of HSP70 led to an increase in pJNK levels, confirming that HSP70 was upstream of JNK. This is in line with other studies where HSP70 inhibits JNK activation during stress inducing the expression of MKP-1 (Gabai et al. 1997; Lee et al. 2005) . However, when JNK was inhibited, HSP70 expression was also inhibited. This is the first report that JNK can also be regulating HSP70 in a feedback loop. In response to heat and LPS, HSP70 expression is increased, which leads to JNK inhibition, which in turn inhibits HSP70 expression. This may be the mechanism through which HSP70 returns back to original levels.
In conclusion, our study shows that ANXA1 played a protective role in inflammatory stress response to heat and thus protects cells from potential inflammatory insult during stress. We show that this could be through the regulation of MKP1, which results in lower MAPK activation and, thus, lower cytokine production after heat and LPS. Furthermore, ANXA1 promotes HSP70 activation, which could be important in the heat stress response (Fig. 7) .
